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In liquid-to-air membrane energy exchangers (LAMEEs), 
the heat and mass transfer resistances in the air channel are 
dominant. An eddy promoter air screen can effectively enhance 
the heat and mass transfers in the air channel. In this study, the 
heat transfer enhancement and pressure drop across three 
different eddy promoter air screens in an air channel are 
experimentally investigated. Eddy promoter air screens are 
comprised of plastic ribs in the stream-wise direction and 
aluminum cross-bars normal to the air flow direction. A low 
speed wind tunnel test facility, which simulates the air channel 
of a LAMEE is designed to measure the friction factor and 
enhanced convective heat transfer coefficient in the air channel 
with an eddy promoter air screen. Tests were conducted at 
Reynolds numbers of 920, 1550, and 2160. In this paper, the 
effects of the spacing of the cylindrical bars and plastic ribs on 
the heat transfer performance are studied experimentally. Also, 
the performance of eddy promoter air screens as a function of 
enhanced heat transfer coefficient and increased pressure drop 
is investigated. Results show that the eddy promoter air screens 
have the highest efficiencies at Reynolds of 1550 and double 
the convective heat transfer coefficient of the air with respect to 
a smooth channel. 
Keywords: Heat transfer enhancement, Rectangular channel, 
Eddy promoter air screen, air screen efficiency.  
1. INTRODUCTION
The fluid (liquid or gas) channels of modern heat
exchangers are often equipped with different structural 
elements to promote eddies and enhance the convective heat 
transfer coefficient [1]. The structural roughness enhances the 
convective heat transfer at low Reynolds numbers (Re) by fluid 
mixing near the channel walls and increasing the surface area. 
These elements, however, are accompanied by higher pressure 
drops in comparison to smooth channels. 
Numerous numerical and experimental studies on flow 
structure, heat transfer, and pressure drop in air channels with 
different internal wall roughness and fin inserts have been 
reported in the literature. Webb and Kim [1] studied the heat 
transfer augmentation and the accompanying pressure penalty 
of fin inserts and wall roughness in tubes and channels. Results 
showed that the secondary flow caused by the inserts increased 
the temperature and velocity gradients close to the wall region. 
Therefore, the heat transfer and pressure drop increased within 
the channels. Transitional flow (555< Re <5145) between two 
parallel plates with cylindrical cross-bars spaced periodically in 
the flow direction has been studied experimentally by 
Vujisic [2]. The air static pressure drop and convective heat 
transfer coefficient were measured in the channel for the case of 
a heated wall. The Nusselt numbers (Nu) was measured to be 
11 and 12 for Reynolds numbers of 656 and 820, respectively, 
which is significantly greater than Nu=5.39 (for laminar flow in 
a smooth channel with a constant heat flux on one wall and the 
other wall insulated [3]). 
Some rotary-wheels and enthalpy exchangers employ 
corrugated metal screens in the air channels to enhance heat 
transfer between streams and provide structural supports for 
channel walls. LePoudre et al. [4] numerically investigated the 
potential of employing a corrugated porous screen as an eddy 
promoter in the air channels of flat-plate heat exchangers. Their 
study reported a convective heat transfer coefficient of 
40.3 )K.m/(W 2 and 87% enhancement in the heat transfer in 
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an air channel with the corrugated porous screen compared to a 
smooth channel.  
A liquid-to-air membrane energy exchanger (LAMEE) is 
constructed using semi-permeable membranes that are 
permeable to water vapor, but impermeable to liquid water [5, 
6]. The membrane separates a liquid desiccant channel from an 
air channel, while allowing both heat and water vapor to be 
transferred between the two channels [7]. One of the 
applications of LAMEE is in energy recovery systems such as 
RAMEE (Run-Around Membrane Energy Exchanger). A 
RAMEE system is a novel energy recovery (ER) system 
comprised of two remote LAMEEs coupled by a pumped liquid 
desiccant loop. Previous research indicated that the air side 
convective heat and mass transfer coefficients had significant 
effect on the overall performance of the LAMEE. It was shown 
that the enhancement of convective heat transfer coefficients in 
air channels by 40 percent will increase the effectiveness of a 
LAMEE by almost 15 percent [7, 8]. Therefore, the air 
channels are equipped with eddy promoter air screens to serve 
dual purposes: (a) supporting the flexible membrane, and (b) 
enhancing heat and mass transfer [7, 8].  
The current work experimentally investigates the pressure 
drop and heat transfer enhancement across three different eddy 
promoter air screens in a low speed wind tunnel energy 
exchanger insert test (WEIT) facility that simulates the air 
channels of a LAMEE. Measurements are conducted under 
steady-state conditions in Reynolds number of 920 to 2160 
which is in the practical range for a LAMEE system. The heat 
transfer tests are for electrically heated side walls with constant 
heat flux. Also, the current work will study the effect of 
different plastic ribs and aluminum bars spacing on efficiencies 
of eddy promoter air screens. 
2. EXPERIMENTAL SETUP  
 Experimental tests are done in the (WEIT) facility. 
Ambient air is sucked through the wind tunnel by a vacuum 
pump located at the downstream of the test facility. A schematic 
of the WEIT facility is shown in Fig. 1.  
 
Figure 1- WEIT schematic diagram (Top view) 
As Fig. 1 shows, a 2-D contraction nozzle, settling 
channel, test section, and exit plenum are the four main sections 
in the facility. The channel is 5 mm wide by 152.4 mm high, 
from the nozzle to the plenum. The channel width of 5 mm is 
chosen based on the design of the air channels in LAMEEs. The 
ambient air enters the nozzle and accelerates before entering the 
settling channel. The boundary layer and boundary disturbances 
formed in the nozzle flow are bled out by a small blower 
through a 3 mm gap between the nozzle and the settling 
channel. The air stream then passes through the settling channel 
and becomes hydrodynamically fully developed flow before it 
enters the test section. As the air leaves the test section, it 
passes through the 2-D contraction nozzle with a contraction 
ratio of 15:1 and angle of 35°. The nozzle provides better air 
mixing and more accurate temperature measurement of the 
outlet air. Following the nozzle, the air enters a large exit 
plenum to prevent any disturbances from affecting the flow in 
the test section. An orifice plate with a 12.5 mm diameter is 
located 134 cm downstream of the plenum and 75 cm upstream 
of the piping outlet which is the minimum pipe length required 
based on ISO 5167standard [9] to measure the air mass flow 
rate. A commercial vacuum pump located at the end of the 
piping facilitates the air flow in the test facility as shown Fig. 1. 
In the test section, one sidewall is equipped with 0.3 mm 
drilled static pressure taps along the middle of the wall as 
shown in Fig. 2(a). The pressure taps are located 15.0 mm apart 
and connected to a DP103 Validyne
TM




Figure 2-(a) Test section geometry and (b) wall heater 
The sidewalls of the test section are removable and can be 
replaced with acrylic plates fitted with heaters and T-type 
thermocouples as shown in Fig. 2(b) for the heat transfer 
measurements. The heaters are 6.4 mm wide and 0.07 mm thick 
commercial copper strips. The copper strips are laid in parallel, 
0.3 mm apart on the acrylic wall and soldered at the ends in a 
serpentine pattern to form a continuous heater on the flow side 
of the wall. The copper strips are covered with 0.08 mm thick 
copper foil to provide a constant heat flux along the test 
surface. The test section walls are insulated with two layers of 
23.5 mm thick insulation, as shown in Fig. 2(b) during the heat 
transfer measurements. There are thermocouples located 
between the insulation layers and between the insulation layer 
and acrylic wall to measure the heat lost from the side, top and 
bottom walls of the test section. Fig. 2 also indicates the 
Cartesian coordinate system employed for the data analysis.  
Fig. 3 shows the location of the thermocouple tips, inserted 
through drilled holes in the test plate and placed just below the 
(a) (b) 
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heater elements. Eight thermocouples are embedded in the 10 
mm at the beginning and end of the test plate to measure the 
side wall surface temperature of the test section. The 
thermocouples at each side are 10 mm apart, in the Y-direction. 
There are three thermocouples located 10 mm before the 
test section at Y locations of 40 mm, 76 mm, and 112 mm to 
measure the bulk temperature of the air at the inlet to the test 
section. There are also three thermocouples located at the 
nozzle exit, in the extension channel to measure the bulk 
temperature of the mixed air at the outlet of the test section.  
 
Figure 3- Locations of thermocouple tips for wall temperature 
measurements along test plate (all dimensions are in mm). 
2.1.  EDDY PROMOTER AIR SCREEN GEOMETRY 
The eddy promoter air screens used in this study are 
comprised of plastic ribs in the stream-wise direction and 
aluminum cross-bars normal to the flow direction. The plastic 
ribs are 5 mm wide and 500 mm long. The aluminum cross-bars 
are cylindrical with a height of 152.4 mm and diameter of 1.6 
mm. Fig. 4 (a) shows the assembled view of the eddy promoter 




Figure 4- (a) Schematic of an eddy promoter air screen and  
(b) 2-D view of an eddy promoter air screen. 
Fig. 4(b) shows the front view of an eddy promoter air 
screen, where H is cylindrical bars intervals and V is the plastic 
ribs spacing.  Three eddy promoter air screens are tested with 
different spacing between the plastic ribs and cylindrical bars.  
The plastic ribs are placed either 20 mm or 10 mm apart, and 
the distance between the cylindrical bars is either 60 mm or 90 
mm.  Table 1 shows the dimensions of the three eddy promoter 
air screens that are tested. 
Table 1- Eddy promoter air screen dimensions. 
Number Screen name 
Cylindrical bars 
intervals, H (mm) 
Plastic ribs 
spacing, V (mm) 
1 H60V20 60 20 
2 H90V20 90 20 
3 H90V10 90 10 
2.2. Measurement Techniques and Data Analysis 
All measurements are taken after the air flow reaches a 
steady-state condition, which is determined when a measured 
parameter (i.e. temperature or pressure) changes less than 0.2% 
from the last measured value in a period of 10 minutes. The 
static wall pressure drop, dx/dp  (Pa/m), is measured along the 
test section to calculate the Darcy friction factor within the 






D2(dxdPf   (1) 
Where f is the Darcy friction factor, hD is the hydraulic 
diameter [m], and aveV is the air bulk mean velocity [m/s]. 
The air mass flow rate is measured with the orifice plate. 
The Reynolds number in the channel is then calculated from the 
mass flow rate and the channel hydraulic diameter. The aspect 
ratio of the channel is 1:30.5 providing a hydraulic diameter of 
2W (two times the channel width), which is the same as a flow 
between two infinite parallel plates [10]. 
The heat transfer tests are conducted in the test section 
equipped with electrically heated walls with constant heat flux. 
The thermal boundary layer starts as the ambient air enters the 
test section. As the heater elements are located on the flow side 
of the plates and the test section walls are well insulated, the 
heater power is transferred to the air by convection. The 
conduction losses through the walls are measured with the 
embedded thermocouples in the insulation layers and subtracted 
from the total heater power input. The log mean temperature, 
∆𝑇𝑙𝑚(℃), is used in Eq. (2) to calculate the average convective 
heat transfer coefficient through the test section.  
lmave ΔT h=Q"  (2)  
In Eq. (2), 𝑄" is the heat flux at the wall [𝑊/𝑚2], and ℎ𝑎𝑣𝑒  
is the convective heat transfer coefficient [𝑊/𝑚2𝐾]. Eq. (3) 
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temperature, and subscripts “s”, “a”, “i" and “o” represent 






lm  (3) 
The average Nusselt number in the test section is 
determined by the average convective heat transfer coefficient 
as shown in Eq. (4). In Eq. (4), 𝑁𝑢𝑎𝑣𝑒 is the average Nusselt 
number, 𝐾𝑎𝑖𝑟   is thermal conductivity of air [W/m.k], and 𝐷ℎ is 
hydraulic diameter of the channel [m].  
airhaveave /KD h=Nu  (4) 
Webb and Kim [1] suggested Eqs. (5) and (6) to evaluate 
the heat transfer performance of a screen. The surface 
efficiency index, ηe, gives the relative improvement in heat 
transfer compared to the relative increase in the friction penalty. 
)f(f)jj(η sse   (5) 
paveave cρVhj
32Pr  (6) 
Where j is the Colburn j-factor, pc  is the specific heat 
capacity of air [W/kg.K], and Pr  is the Prandtl number of air. 
The subscript “s” indicates the values for a smooth channel, i.e. 
without an insert.  
2.3. Uncertainty Analysis 
The uncertainties in the measured data are estimated based 
on the 95% confidence interval and the errors in the computed 
values are determined based on the propagation of uncertainty 
[11]. The maximum uncertainty in the thermocouple 
temperature is 0.1
o
C. The maximum uncertainty of the total 
heater power on a plate is 6%. The maximum uncertainty in the 
wall static pressure is 1.2 Pa. The uncertainty in the mass flow 
rate measurement is 5% at Re of 923 and 3.6% at Reynolds 
number of 2153. The calculated Nusselt number has an 
uncertainty of 8% in the test section without the screen. The 
Nusselt number uncertainty in the test section with the screen is 
9%. 
3. MASS AND ENERGY BALANCE 
As Fig. 1 shows the orifice plate used to measure the mass 
flow rate of the air is located at the end of the facility. It is 
necessary to ensure that the inlet air mass flow rate to the test 
section is the same as the value that the orifice plate measures. 
A total-pressure probe with a diameter of 0.30 mm is inserted 
into the channel through a slot in the sidewall of the settling 
channel, 10 mm before the test section. Since the flow is fully 
developed at this location, the velocity profile in the Z direction 
is constant from Y=0 to Y=152.4 mm. The total and static 
pressures are measured at 9 different Y locations while Z 
changed from 1 mm to 4 mm by pitch of 0.5 mm. The velocity 
at each location is calculated from Eq. (7).  
ρ).)/-P((PV statictotyz 50  (7) 
Where, 𝑉𝑦𝑧 is the local velocity of the air at a specific 
height in the channel [m/s], 𝑃𝑡𝑜𝑡 is the total pressure measured 
[Pa], 𝑃𝑠𝑡𝑎𝑡𝑖𝑐  is the static pressure [Pa], and 𝜌 is the density of 
air [kg/m
3
]. The average velocity at a specific Y location is 
calculated by ∫ 𝑉𝑧𝑑𝑧
5
0
 by assuming a no slip condition at the 
sidewalls. The mass balance was assessed at a Reynolds of 
2160, which corresponds to an average air velocity of 3.5 m/s. 
In this experiment the mass flow rate of the air at the inlet of 
the test section was calculated to be 2.9 ± 0.3 𝑔/𝑠 and the 
orifice plate measured the mass flow rate equal 
to 3.0 ±  0.1 𝑔/ 𝑠 downstream of the test section. The results 
show that there are no major leaks in the test facility and give 
confidence to the orifice plate readings because the orifice plate 
and the air flow measurement before the test section agree 
within acceptable uncertainty ranges. 
In addition, an energy balance on the test facility was 
performed for the heat measurements. For the energy balance, 
the heat production by the heaters was compared to the heat 
gained by the air from inlet to the outlet of the test section in 
each test. The energy balance tests were assessed at Re of 920, 
1550, and 2160. Conduction losses through the insulation 
layers account for 15% of the total heat produced by the 
heaters. Table 2 shows the test conditions for the heat transfer 
measurements. 𝑇𝑎𝑖𝑟  represents the bulk mean temperature of the 
air, ?̇? is the mass flow rate of the air, and the subscripts  “in” 
and “out” represent the inlet and outlet of the test section, 
respectively. Results show that the heat produced by the heaters 
and the heat gain by the air agree with each other within their 
experimental uncertainties and confirm the energy balance of 
the WEIT facility. 
Table 2- Test conditions in the WEIT facility for three different 
eddy promoter air screens 
 Re 
𝑇𝑎𝑖𝑟 𝑖𝑛  
(℃) 














920 24.1 56.3 1.3 50 ± 2 47 ± 2 94 
1550 24.5 47.0 2.1 52 ± 2 48 ± 3 93 




920 25.3 59.6 1.3 48 ± 2 44 ± 2 92 
1550 24.9 48.7 2.1 54 ± 2 51 ± 3 95 




920 25.2 58.3 1.3 46 ± 2 43 ± 2 94 
1550 26.3 47.4 2.1 50 ± 2 45 ± 2 91 




920 25.2 57.7 1.3 47 ± 2 42 ± 2 90 
1550 25 47.1 2.1 51 ± 2 48 ± 3 93 
2160 25.7 42.6 3.0 55 ± 2 51 ± 3 93 
Fig. 5 shows the energy balance results, by comparing the 
heat production by the heaters and the heat gained by the air for 
the smooth channel, at different Reynolds numbers. 
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Figure 5- Energy balance of the test section without an eddy 
promoter air screen (smooth channel) at different Reynolds 
numbers. 
4. RESULT AND DISCUSSION 
Results are collected in the smooth channel as well as in 
the channel with three different eddy promoter air screens 
based on the test conditions in Table 2. The data from the 
smooth channel are used as a reference for comparison to the 
channel with an eddy promoter air screen as well as validation 
with theoretical values for flow through parallel plates [12]. In 
the pressure drop tests, the channel walls are unheated and 
isothermal. In the heat measurement tests, the average heat flux 
from each heated wall is 393.7 W/m2.  
Fig. 6 shows the Darcy friction factor times Reynolds 
number (f×Re) as a function of Reynolds and compares the 
smooth channel experimental data with the theoretical parallel 
plate flow. The theoretical value of (f×Re) in parallel plate flow 
for hydrodynamically developed flow is independent of 
Reynolds and is equal to 96 [12]. The results show that the 
experimental (f×Re) at three different Reynolds numbers are 
constant and equal to 92. The measured values of (f×Re) in the 
smooth channel agree with the parallel plate theoretical data, 
and the results confirm that the flow in the test section is 
hydrodynamically fully developed. Fig. 7 plots the average 
Nusselt number as a function of Reynolds in the smooth 
channel for both experimental and theoretical data. The 
theoretical average Nusselt is for hydrodynamically developed 
flow and thermally developing flow in a parallel plate flow [3]. 
The results show that the experimental and theoretical average 
Nusselt numbers agree within their uncertainties, and that the 
average Nusselt number increases with Reynolds.  
Fig. 8 shows the Nusselt and convective heat transfer 
coefficient for the channel with screens H60V20, H90V20, and 
H90V10. Comparing the results in Fig. 8 and experimental 
results for a smooth channel in Fig. 7 shows that the convective 
heat transfer coefficient was enhanced by 60% and 160% with 
the H60V20 screen at Reynolds of 920 and 2160, respectively. 
Comparing the heat measurement results of the H60V20, 
H90V20, and H90V10 screens in Fig. 8 shows that decreasing 
the cylindrical bars spacing and plastic ribs intervals causes 
better mixing in the air channel and gives a higher heat transfer 
coefficient. Also, the results show that changing the plastic ribs 
intervals and cylindrical bars spacing are more effective at 
higher Reynolds number. At a Reynolds of 920, the Nusselt 
number is 14.8, 13.5, and 13.6 for the air channel with 
H60V20, H90V20, and H90V10, respectively. However, at 
Reynolds of 2160, Nusselt number is 25.8, 21.8, and 22.7 for 
the air channel with H60V20, H90V20, and H90V10, 
respectively. Using H90V10 and H90V20 eddy promoter air 
screens in the air channel results in the same Nusselt number, at 
a Reynolds of 920; however, H90V10 causes higher Nusselt 
number respect to H90V20 at Reynolds of 1550 and 2160. 
Moreover, alternating the cylindrical bars spacing is more 
effective than changing the plastic ribs intervals in enhancing 
the air convective heat transfer coefficient. For instance, at a 
Reynolds of 1550 reducing the cylindrical bars spacing from 90 
mm to 60 mm increases the Nusselt by 20%, while reducing the 
plastic ribs intervals enhances the Nusselt by only 5%.   
 
 




Figure 7- Nusselt number and convective heat transfer 

























































5 Copyright © 2013 by ASME
Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
 
 
Figure 8- Nusselt number and convective heat transfer 
coefficient for the air flow in the channel with eddy promoter 
air screens. 
Fig 9(a) shows the ratio of the Darcy friction factor for the 
channel with a screen to the Darcy friction factor for a smooth 
channel. Fig 9(b) shows the ratio of the convective heat transfer 
coefficient for the channel with a screen to the value for a 
smooth channel. Comparing the Darcy friction factor and the 
heat transfer coefficient between the channel with a screen and 
the smooth channel shows the increased pressure drop and the 
heat transfer enhancement caused by the screen. Fig. 9(a) 
shows that the H90V10 screen causes the highest pressure drop 
with respect to other two screens. The H90V10 screen 
increased the pressure drop at Reynolds of 920, 1550, and 2160 
by a factor of 4, 5, and 6.5, while the heat transfer is enhanced 
by a factor of 1.5, 2, and 2.3, respectively. This means that the 
screen gives the benefit of enhanced heat transfer, but at the 
cost of an increase in the pressure drop through the channel. 
Fig. 10 shows the efficiency of the screen as a function of 
Reynolds number. Comparing the increased pressure drop and 
enhanced heat transfer coefficient between the H90V20 and 
H90V10 screens shows that both screens have almost the same 
enhancement in the heat transfer, but the H90V10 screen causes 
a higher pressure drop in the air channel. This is reinforced by 
comparing the efficiency of the H90V20 and H90V10 screens 
in Fig. 10. Fig. 10 shows that the screen efficiency has a 
nonlinear relation with Reynolds, and the highest efficiency for 
each screen occurs at Reynolds of 1550. The results show that 
the H90V20 screen has a higher efficiency at a Reynolds of 920 
than other screens at the same Reynolds. However, the H60V20 
screen is more efficient than other screens at higher Reynolds. 
Fig 10 confirms that decreasing the cylindrical bars spacing is a 
more efficient way to enhance the heat transfer than changing 
the plastic ribs intervals.  
5. CONCLUSIONS 
In this work, a low speed wind tunnel test facility is used to 
measure the heat transfer enhancement and pressure drop 
across three different eddy promoter air screens in the 




Figure 9- (a) Friction factor of the channel with an eddy 
promoter air screen, (b) Convective heat transfer coefficient of 
the channel with an eddy promoter air screen 
 
 
Figure 10- The eddy promoter air screen efficiency 
The experiments were conducted at steady-state conditions 
in the range of Reynolds number between 900 and 2200. The 
presence of an eddy promoter air screen in the air channel 
causes better air mixing and enhances the convective heat 
transfer coefficient in the air. The results show that all three 
eddy promoter air screens have a higher performance in the 
range of Reynolds number between 1000 and 2000. The 
efficiency of H60V20, H90V20, and H90V10 screen at 
Reynolds number of 1550 is calculated 54, 51, and 40 percent 
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results, respectively. Also, results show that decreasing the 
cylindrical bars spacing from 90 mm to 60 mm gives higher 
heat transfer enhancement (i.e. 10%). However, reducing the 
plastic ribs intervals causes only 4% enhancement in the air 
convective heat transfer coefficient. Using the eddy promoter 
air screen H60V20 in the air channel enhances the convective 
heat transfer coefficient in average by 65% at Re = 920, 140% 
at Re= 1550 and 160% at Re=2160 with respect to the smooth 
channel.  
In conclusion, the experimental data show the importance 
of using an eddy promoter air screens in air channels of a 
LAMEE system, and how they increase the air convective heat 
transfer coefficient in the air channels of the LAMEE at 
Reynolds number between 900 and 2200. Also the results 
indicate that Reynolds number of 1000 to 2000 is the 
recommended range for application of eddy promoter air screen 
in the air channels of the LAMEE based on the air screen 
efficiency, where the convective heat transfer coefficient is 
almost 1.5 times higher with respect to the smooth channel. 
This test facility will be used in future studies to investigate the 
heat transfer performance and pressure drop of other eddy 
promoter air screens with different combination of spacing for 
cylindrical bars and plastic ribs, to establish a heat-momentum 
analogy for prescribed eddy promoter air screens geometry.  
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